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Description 

CERAMIC MIXED 
PROTON IC/ ELECTRONIC CONDUCTING 
MEMBRANES FOR HYDROGEN 
SEPARATION 

Background of Invention 
[0001] 1. Technical Field 

[0002] jhis invention relates to a two phase hydrogen perme- 
ation membrane that is constructed by combining a per- 
ovskite type oxide material as primarily a proton conduct- 
ing phase and a ceramic oxide phase that exhibits signifi- 
cant electrical conductivity resulting in a composite ce- 
ramic material that is a mixed proton/electronic conduc- 
tor that can be used in a pressure driven hydrogen purifi- 
cation/separation process. 

[0003] 2. Background Art 

[0004] A variety of metallic, ceramic and polymer membranes 
have been used for H separation from qas streams. The 



most common metallic membrane materials are palladium 
(Pd) and palladium alloys (see, for example, U.S. Patent 
Nos. 6,066,592 and 5,652,020). However, these materials 
are unsuitable for separation from raw syngas due to 
the fact that they are poisoned by hydrocarbons at con- 
centrations as low as 0.5 parts per million (ppm). Further, 
oxygen concentrations higher than 50 ppm can lead to 
the catalytic oxidation of hydrogen to water in the pres- 
ence of Pd, resulting in localized hot spots and premature 
failure of these membranes. A number of organic mem- 
branes (e.g. Nafion) have also been identified as protonic 
conductors, but these are for lower temperature applica- 
tions (less than 150°C) and even at those temperatures 
are severely degraded by CO gas. 
[0005] In recent years ceramic membranes have been investi- 
gated for use in purifying hydrogen gas from gas streams 
such as syngas. For example, U.S. Patent No. 5,387,330 
by Taniguchi et al. has shown that perovskite type oxides 
such as BaCe M O , where M is a metal dopant, have 

l-x X 3 

high proton conductivity at elevated temperatures. Al- 
though these compounds are mixed ionic/electronic con- 
ductors, their electronic conductivity is so low relative to 
the ionic conductivity that they have not been useful in 



pressure driven type membrane devices. 
[0006] More recently, Wachsman et a!., in U.S. Patents 6,235,417 
and 6,296,687, claim that with appropriate substitutions 
in the perovskite BaCe M O on the "M" site the elec- 

l-x X 3 

tronic conductivity could be enhanced appreciably. By 
substitution of the proper multivalent transition metal and 
lanthanide cations the electronic conductivity improved to 
the point where hydrogen fluxes through the mixed con- 
ducting membrane were comparable to the flux 
achieved through the analogous mixed conducting oxy- 
gen ion membranes based on La Sr Co MO. Wachs- 

l-y y 1-x X 3 

man et al., however, has not resulted in an economically 
feasible process for purifying hydrogen from gas streams. 
Other problems remain that have prevented commercial- 
ization, namely, the hydrogen flux rates are still not suffi- 
cient to produce a commercially viable device and the 
membranes have not been shown to have adequate ther- 
mochemical stability in the syngas environment. 
[0007] While alternate dopants have resulted in an increase in the 
electronic conductivity, the increase in electronic conduc- 
tivity is insufficient for the membrane to function effec- 
tively as a pressure-driven hydrogen separation mem- 
brane. Alternatively, if a two-phase composite can be fab- 



ricated wherein an electronically conducting phase and a 
protonic conducting phase form interpenetrating net- 
works within a dense ceramic, it may be possible to inde- 
pendently control the fluxes of protons and electrons. Ar- 
gonne National Laboratory (ANL) is developing dense ce- 
ramic/metal composites to fabricate mixed conducting 
membranes for hydrogen separation. []■ Guan et a!., "De- 
velopment of Mixed-Conducting Ceramic Membranes for 
Hydrogen Separation," Ceramic Transactions92 1-12 
(1998) and R.V. Siriwardane et al. "Characterization of Ce- 
ramic Hydrogen Separation Membranes with Varying 
Nickel Concentrations," Applied Surface Science 16711] 
34-50 (2000)]. The ANL group has reported hydrogen 
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fluxes as high as 15 cc/cm /min when the metallic phase 
is also a hydrogen conductor, i.e. palladium. However, Pd- 
based cermets are not good options for H^ separation 
from syngas as Pd is significantly poisoned by hydrocar- 
bons at high temperature. With a non-hydrogen conduct- 
ing protonic phase, the best fluxes published by the ANL 
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group is below 1 cc/cm /min. Further, the selection of an 
appropriate metallic second phase with thermochemical 
and thermomechanical stability is also a concern. Most 
metals are embrittled by H^ or corroded by the trace com- 



ponents in syngas at elevated temperatures. Relatively in- 
ert metals such as platinum and gold have thermal com- 
patibility issues with the protonic conducting phase due to 
thermal expansion mismatch. In addition, metals are gen- 
erally soft at the elevated temperatures, which make the 
puncturing of very thin membranes of the order of 20 |jm 
very likely. Therefore, while the use of cermets for pres- 
sure-driven separation remains an interesting possibil- 
ity, further technological advances are required to make it 

a viable technology. 
Summary of Invention 

[0008] jhe present invention is a two-phase all-ceramic com- 
posite membrane for pressure driven hydrogen separation 
from syngas or other mixtures of hydrogen and secondary 
gases. One of the phases is a proton-conducting ceramic 
phase and the second phase is an electronically conduc- 
tive ceramic phase. The all-ceramic membrane offers sig- 
nificant advantages in thermomechanical and thermo- 
chemical stability over competing membrane technologies 
such as ceramic/metal composites. 

[0009] According to a particular aspect, a mixed protonic/elec- 
tronic conducting ceramic membrane is provided that is 
capable of operating at elevated temperatures as high as 



1000 C. In addition, tlie mixed conducting properties are 
properly balanced so that a sufficient hydrogen flux can 
be obtained in a pressure driven device such that an eco- 
nomically viable system can be constructed. 

[0010] According to another aspect, a mixed protonic/electronic 
conducting ceramic membrane is provided that is chemi- 
cally and mechanically stable in the high temperature re- 
ducing environment typical of syngas or similar fossil fuel 
generated gas stream from which a high purity hydrogen 
gas can be separated. 

[001 1] According to yet another aspect, a perovskite type com- 
pound is stabilized in high temperature environments 
containing CO^ and H^O by additions of cerium oxide 
based compounds in the ceramic composite which func- 
tions to shift the equilibrium reactions of the chemical 
constituents present towards the reactant side of the 
equilibrium reaction thereby maintaining the perovskite 
composition. 

[0012] According to yet another aspect, the chemical composi- 
tion of a perovskite phase is modified by removing some 
of the Barium (or Strontium) resulting in a non- 
stoichiometric perovskite phase thereby minimizing the 
chemical reaction between Barium (or Strontium) and CO 



which is a common problem observed with Barium Cerate 

and Strontium Cerate in syngas type environments. 
Brief Description of Drawings 

[0013] piQ_ J is a SEM l\/licrograph showing two-phase composite 
of a proton-conducting perovsl<ite phase; 

[0014] piQ 2 is a graph of a thermogravimetric analysis in syngas 
environments showing no weight gain of two phase com- 
posite material in syngas; 

[0015] piQ_ 3 is a graph of an X-ray analysis showing no signifi- 
cant carbonate formation in the new composite material; 

[0016] piQ_ 4 is a graph of an X-ray analysis showing stability of 
non-stoichiometric composite material versus non- 
stoichiometric single phase perovskite in syngas at 900 
°C; 

[0017] piQ^ 5 is a graph of open circuit voltage measurements 

showing mixed conducting behavior of composite mem- 
branes; and 

[0018] piQ^ 6 is a graph demonstrating hydrogen separation 

driven by a hydrogen partial pressure gradient through a 

composite membrane. 
Detailed Description 



[0019] While this invention is capable of embodiment in many 



different forms, there is sliown in tlie drawings and will 
herein be described in detail, several specific embodi- 
ments with the understanding that the present disclosure 
is to be considered as an exemplification of the principles 
of the invention and is not intended to limit the invention 
to the embodiments so illustrated. 

[0020] jhe basic features that are required to achieve a mixed 
conducting membrane material are a proton conducting 
ceramic phase and an electron conducting ceramic phase. 
Other ceramic phases may be added as required to im- 
prove protonic conductivity, electronic conductivity or 
chemical stability. 

[0021] The proton conducting ceramic phase could be a doped 
perovskite of the general composition A P B Q 0 

l-x- a X 1-y y 3- 

. A is a bivalent cation such as barium (Ba), strontium 
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(Sr), calcium (Ca) or magnesium (Mg) and combinations 
thereof, P is an A-site dopant, which may be a cation such 
as Pr, Sm, Er or other cations belonging to the lanthanide 
series. B is a tetravalent cation which may be either an el- 
ement in Group IV of the period table (e.g. Ti, Zr) or an el- 
ement in the lanthanide series of the periodic table (e.g. 
Ce, La). Q is a B-site dopant which may be either an ele- 
ment in Group III of the period table (e.g. Sc, Y) or an an- 



other element (other than B) in the lanthanide series of the 
periodic table (e.g. Eu, Nd, Gd, Yb). a represents the A- 
site non-stochiometry (deficiency). Preferred embodi- 
ments of the invention would include compounds with 
specific combination of elements on the A and B sites rep- 
resented by the chemical formulas Ba P Ce Q 0 , 

l-x- G X 1-y y 3-0 

Sr P Ce Q O , and Ca P Ti Q 0 . Other 

l-x- e X 1-y y 3-5 l-x- e x 1-y y 3-5 

preferred embodiments would include an A-site deficiency 
e, where 0 <a< 0.1. It is to be specifically noted here that 
P and Q may represent more than one element of the type 
specified above, and addition of more than one dopant at 
the A and B site fall within the scope of this invention. 
[0022] In another embodiment of the present invention, the pro- 
ton conducting ceramic phase in the multi-phase ceramic 
may be a complex perovskite. The complex perovskite 
could be of the types A (B' B" )0 or A (B' B" 

2 1+ P 1- 3 6- X 3 1+3 

<i>)0 , in which A ions are always bivalent (e.g. Ba, Sr, 

2— 9— A 

Ca, La), B' ions are trivalent (Eg. Y, Ca, Sc, In, Yb, Nd) or 
tetravalent (e.g. Zr, Ti, Ce), and B" ions are pentavalent 
(e.g. Bi, Nb). Generally, 0 <P< 0.2 and 0 <<l5< 0.2. 
[0023] In yet another embodiment of the present invention, the 
proton conducting ceramic phase in the multi-phase ce- 
ramic could be a pyrochlore structure (A' A" ) (B R 

2- Y Y 2 2- n 



)0 where A' is a bivalent cation (e.g. La), A" is anotlier 
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bivalent cation, B is a tetravalent cation (e.g. Zr, Ce) and R 
is a bivalent cation (e.g. Ca). In a preferred embodiment, 
A" and R would be the same cation. 
[0024] In a preferred embodiment of the present invention, the 
electronically conducting ceramic phase will also be a 
product of the reaction between a corrosive gas species 
and the protonically conducting phase. For example when 
CO^ or H^O react with Ba or Sr-containing perovskites, 
one of the byproducts is cerium oxide (CeO^). It is also 
known that doped CeO^ is a good electronic conductor 
under reducing envrionment. The incorporation of doped 
CeO^ above the percolation limit not only results in suffi- 
cient electronic conductivity to make the material and ex- 
cellent mixed conductor, but also will improve the ther- 
modynamic stability of the composite material in the 
presence of CO^ or H^O over perovskite materials where 
no doped CeO^ is added. It is beneficial to have the 
dopant in ceria be the same as the dopant in the per- 
ovskite phase. 

[0025] In another embodiment of the present invention, a sec- 
ondary ceramic phase such as ceria may be added below 
the percolation limit only to improve the thermodynamic 



stability, and one or more other electronically conductive 
ceramic phases may be added to provide the electronic 
conductivity. Such phases could include semiconducting 
materials such as tin oxide (SnO^), tungsten oxide (WO^) 
or silicon carbide (SIC). 
[0026] The principles of the present invention are demonstrated 
by the following examples of fabricating the mixed con- 
ducting ceramic composite material. 

[0027] Example 1 

[0028] A Stoichiometric pervoskite material was prepared by 

adding raw material oxide and carbonate powders (BaCO^, 
CeO , Eu 0 ) in stoichiometric amounts to form the per- 

2' 2 3 ^ 

voskite BaCe Eu O . The powders were mixed for 30 

0.8 0.2 2.9 ^ 

minutes on a paint shaker with zirconia milling media in a 
1 liter Nalgene bottle followed by ball milling for 24 
hours. The well mixed powder was then calcined at 
1400''C to decompose the carbonate and react the pow- 
ders together to form a single phase pervoskite material. 
The calcined powder was then ball milled for 72 hrs in 
acetone resulting in a fine powder with a 1-2 micron par- 
tide size with a surface area from 1.5-3 m /g. 
[0029] The powder was screened through an 80 mesh sieve and 
then mixed with ceria doped europium that was fabricated 



by a similar process as tlie BaCe Eu O to form a 

' ^ 0.8 0.2 2.9 

50/50 volume % mixture. The two powders were placed in 
a Nalgene container with milling media and acetone and 
then mixed vigorously on a paint shaker for 30 minutes. 
This mixture was then dried for 12 hours and then 
screened through an 80 mesh sieve to ensure that the in- 
dividual powders were well mixed and that there were no 
large agglomerates from the milling and drying steps. The 
screened mixture of powders is then placed in a drying 
oven at 80-90 °C for 24 hours to ensure that the powder 
is dry. 

[0030] The dry powder was then ready for fabrication into a ce- 
ramic membrane using a variety of ceramic processing 
techniques such as tape casting, dry pressing or slip cast- 
ing. In this example the powder was mixed with a 2 wt.% 
PVB binder solution and acetone and mixed again with 
milling media on a paint shaker. After mixing the slurry 
was dried and the binder/powder was then used to fill a 1 
inch pellet die followed by dry pressing at 10,000 psi and 
finally isostatically pressing the pellet at 25,000 psi. The 
pressed pellet was then sintered at 1550 °C for 2 hours. 
The sintered pellet was then analyzed by XRD to verify the 
formation of the two desired phases. It was found that the 



Barium Cerate and doped Ceria were indeed tlie two 
phases present. Finally, the sample was prepared for SEM 
analysis. Figure 1 shows the microstructure of the sin- 
tered two-phase composite material. More specifically, 
FIG. 1 is a backscattered SEM micrograph of two-phase 
composite of a perovskite (grey phase) and doped ceria 
(bright phase). The pores in the structure, the very dark 
areas, are completely closed and do not allow gas flow 
across the membrane. 

[0031] Example 2 

[0032] Tvvo different compositions of the two-phase mixed con- 
ducting ceramic material were fabricated as described in 
example 1. The two compositions formulated were (1) 50 
vol% BaCe Eu 0 +50 vol% Ce Y 0 and (2) 50 

0.7 0.3 2.85 0.8 0.2 2.9 

vol% BaCe Eu O +50 vol% Ce Y O . In order to 

0.8 0.2 2.9 0.8 0.2 2.9 

demonstrate the stability of the two phase composite ma- 
terial, thermogravimetric analysis (TGA) in reducing envi- 
ronments containing H^O and CO^ was performed to ob- 
serve any weight changes as a function of time. There was 
no measurable weight change during the TGA tests as 
shown in Figure 2 indicating that the material was stable 
at these temperature and gas composition environments. 
Figure 2 depicts thermogravimetric analysis data in syn- 



gas showing very good stability of perovslcite/oxide com- 
posites in reducing environments containing CO, CO^ and 
H 0. 
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[0033] Example 3 

[0034] A non-stoicliiometric pervosl<ite material was prepared by 
adding raw material oxide and carbonate powders (BaCO^, 
CeO , Eu O ) in non-stoichiometric amounts (Barium defi- 

2' 2 3 

cient) to form the pervoskite Ba Ce Eu O . The 

^ 0.92 0.8 0.2 2.82 

powders were mixed for 30 minutes on a paint shaker 
with zirconia milling media in a 1 liter Nalgene bottle fol- 
lowed by ball milling for 24 hours. The well mixed powder 
was then calcined at 1400"'C to decompose the carbonate 
and react the powders together to form a single phase 
pervoskite material. The calcined powder was then ball 
milled for 72 hrs in acetone resulting in a fine powder 
with a 1-2 micron particle size with a surface area from 
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1.5-3 m /g. 

[0035] It is well known that conventional doped barium cerate 
compositions are unstable in oxidizing conditions in the 
presence of CO^ and H^O due to hydroxide and carbonate 
formation respectively. An experiment was performed to 
demonstrate that the materials in the present invention 
are more stable than perovskite materials alone that are 



commonly used as mixed conducting membranes. In this 
experiment X-ray diffraction studies were performed on 
powder exposed to simulated syngas at high- 
temperature. The high-temperature exposure tests in 
simulated syngas showed no noticeable carbonate forma- 
tion occurring in non-stoichiometric composite samples 
while baseline perovskite samples that were also non- 
stoichiometric were completely reacted as shown in Figure 
3. Figure 3 depicts X-ray diffraction analysis data for 
powders exposed to syngas at 900°C showing very little 
carbonate formation in the non-stoichiometric per- 
ovskite/oxide composite compared with the baseline non- 
stoichhiometric perovskite exposed to identical condi- 
tions. The arrows in Figure 3 indicate locations of the pri- 
mary barium carbonate peaks. 

[0036] Example 4 

[0037] A Stoichiometric perovskite/doped ceria composite was 
fabricated as described in example 1 and a non- 
stoichiometric pervoskite/doped ceria composite material 
was prepared as described in example 3. These two sam- 
ple materials were used to compare the stability of the 
two materials in a syngas environment at 900°C. Figure 4 
shows a comparison of x-ray differection pattern of com- 



posite powders with stoichiometric and non- 
stoichiometric perovsl<ite phases. More specifically, Figure 
4 shows X-ray diffraction analysis data for powders ex- 
posed to syngas at 900°C showing very little carbonate 
formation in the non-stoichometric perovskite/oxide 
composite powder compared with the stochiometric per- 
ovskite/oxide composite powder exposed to identical 
conditions. The arrows in Figure 4 indicate locations of 
the primary barium carbonate peaks. The composite with 
the non-stoichiometric A-site deficient perovskite had 
50% by volume of Ba Ce Eu 0 50% by volume of 

^ 0.92 0.8 0.2 2.82 ' 

Ce Eu 0 , and the composite with the stoichiometric 

0.8 0.2 2.9 ^ 

perovskite composition had 50% by volume of BaCe Eu 

0.8 

0 50% by volume of Ce Eu O . The composite 

0.2 2.9 ^ 0.8 0.2 2.9 ^ 

with the barium deficient composition shows improved 
chemical stability in syngas due to significantly lower car- 
bonate formation, due to the lower activity of the A-site 
cations (i.e., Ba^^ ions in the example given) in the non- 
stoichiometric composition. 

[0038] Example 5 

[0039] Tvvo phase composite ceramic powders were prepared as 
described in example 1. These powders were then used to 
prepare slips for tape casting in order to fabricate a thin 



membrane mixed conductor that is supported on a porous 
substrate. The slip for the dense component was cast into 
2 thicknesses, 8 mil and 1 mil. while the porous slip is 
only cast at 8 mil. The tape casts are dried using standard 
ceramic processing procedures and shapes are punched 
out of the separate tapes to shapes and sizes that are 
predetermined to maximize the exposed surface area of 
the thin layer of the membrane in the membrane package. 
Once the initial dimensions of the membrane were 
punched out the pieces were cut using a laser cutter to 
obtain the necessary features to maximize the surface 
area of the membrane and to also give the membrane 
support. Once laser cutting was finished the pieces were 
then laminated together using standard ceramic process- 
ing procedures to form the membrane package with sub- 
strate and membrane support. 

[0040] After the membrane package was laminated it was fired to 
1550°C to burn out the pore former from the porous layer 
of the membrane package and to sinter the laminated lay- 
ers into a continuous single structure that consisted of 
both the pervoskite and the ceria doped with europium. 

[0041] The sintered membrane package was then sealed into a 
stainless steel cup with a glass or cement that has a simi- 



lar coefficient of thermal expansion to that of the com- 
posite pervoslcite and stainless steel. The stainless steel 
cup was designed and machined to support the mem- 
brane package and allow for a sweep gas on the permeate 
side of the membrane. 
[0042] The testing apparatus was setup in a reforming catalyst 
reactor to accommodate various molar fractions in the 
syngas due to changing the volumetric feeds of hydrogen, 
methane, water, carbon dioxide, and carbon monoxide. 
The membrane that was sealed to the stainless steel cup 
was placed down stream of the catalyst in the reactor and 
heated to a temperature of 900°C. Helium was used as a 
sweep gas on the permeate side of the membrane to carry 
away the hydrogen to a zirconia oxygen sensor to deter- 
mine the amount of hydrogen flux obtained. The zirconia 
oxygen sensor was calibrated by varying the concentra- 
tions of hydrogen and helium and measuring the voltage 
across the cell due to the different concentrations of hy- 
drogen in the stream. While the test was running with 
syngas the voltage of the zirconia oxygen sensor was 
recorded and then used to determine the concentration of 
hydrogen in the carrier gas. This information was then 
used to calculate the flux through the membrane. 



[0043] Figure 5 shows the open circuit voltage across the com- 
posite membrane. More specifically, Figure 5 shows the 
lowering of Open Circuit Voltage (OCV) in a perovskite/ 
doped-ceria composite showing mixed ionic-electronic 
conducting behavior. In order to demonstrate the feasibil- 
ity of pressure-driven hydrogen separation from syngas 
using the new composite materials, we performed partial 
pressure/concentration driven separation separation 
experiments using hydrogen/nitrogen mixtures. The ex- 
periments were performed using thick membranes (500 
Mm thickness). Figure 6 shows the hydrogen flux obtained 
through a 500 pim thick dense perovskite/oxide compos- 
ite membrane tested at two feed gas flow-rates to 
demonstrate that there were no leaks in the system. While 
the flux obtained (shown in Figure 6) is relatively low (< 
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1.4 cc/cm /min) due to the very thick (500 pim) mem- 
branes used, the experiment demonstrated that concen- 
tration/pressure driven hydrogen separation is feasible 
through these dense perovskite/oxide composite mem- 
branes. 



